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Introduction
Obesity represents a leading public health concern, and more than 1.4 billion individuals are obese worldwide. Rates of obesity have more than doubled since the 1980s, and epidemiological studies indicate that approximately 30% of the adult population in the USA are overweight (body mass index, BMI, ≥25) and that a further 30% are obese (BMI ≥30) 1 . The deleterious long-term consequences of obesity include early death, medical morbidity, and substantial functional impairment. For example, chronic obesity is associated with elevated risk of cardiovascular disease, diabetes, musculoskeletal problems (e.g. arthritis), and some cancers 2 .
Multiple tiers of research indicate that interplay between brain function, metabolism, and the external environment are central to our understanding of the development of obesity and its persistence over time 3 .
Despite many calls for action for research into health in young people, this remains a relatively neglected area 4 . Rates of obesity are escalating to a disproportionate extent in young people, who will be exposed to greater cumulative risk over time compared to people developing obesity in later life 5, 6 . Cardiovascular complications and mortality are positively associated with duration of obesity 7 , and obesity in young people leads to subsequent psychiatric complications 8 . Therefore, obesity in young adults represents a key target for the development of early interventions to help reverse excess weight and mitigate unwanted long-term health outcomes. It also represents a useful model or heuristic for studying the pathogenesis of obesity and implicated brain mechanisms, since any identified associations are unlikely to be a consequence of chronic malnutrition or cardiovascular compromise.
The neurobiological underpinnings of obesity can be considered from the perspective of impulsivity 3, [9] [10] [11] [12] [13] [14] , which can be broadly defined as a tendency towards repetitive or habitual behaviors that are premature, risky, or poorly thought out, and which lead to negative longer term outcomes. People with obesity show lack of control over habitual patterns of behavior, and obesity occurs at elevated rates in formal eating disorders such as Binge-Eating Disorder 15, 16 , and in Gambling Disorder 17 . Clearly impulsivity is a multifaceted construct, which can be considered from both a clinical (phenomenological) and neurocognitive perspective. Neurobiological models of obesity emphasize the likely involvement of neural circuitry involved in reward and impulsivity, including the mesolimbic system and opioid systems 16, 18, 19 .
Clinical/phenomenological manifestations of impulsivity can include excess consumption of centrally active substances, presence of impulse control disorders (e.g. Binge-Eating Disorder)
and obsessive-compulsive related disorders; and higher than expected scores on questionnairebased measures of impulsivity, such as derived from the Barratt Impulsivity Questionnaire 20 .
From a cognitive point of view, impulsivity can be captured in various forms. Motor impulsivity is typically measured using go/no-go and stop-signal paradigms in which volunteers attempt to suppress simple motor responses in response to changing environmental cues. Decision-making impulsivity can be quantified via gambling tasks.
While obesity has been related to 'addiction' conceptually 3, 14, 21, 22 , evidence supporting an epidemiological overlap between obesity and drug/alcohol misuse is mixed, according to a recent review on the topic 23 . However, this review highlighted that much data from site-based studies had been collected from bariatric surgical populations, and that often substance abuse versus dependence had not been delineated. Findings from large-scale epidemiological surveys did not generally identify a significant relationship between obesity and substance misuse 23 . Evidence supporting a relationship between obesity and other manifestations of impulsivity, notably questionnaire-and cognitive-based measures, is stronger. For example, in a recent meta-analysis focusing on studies in children, a significant positive relationship between obesity and impulsivity was found overall, when pooling neurocognitive and self-report measures of impulsivity 9 ; the relationship remained significant only for the former (neurocognitive measures) when each type was considered separately. Surprisingly few studies exploring the relationship between obesity and cognitive measures exist in adults. In one such study, obesity was associated with impaired performance on a gambling task (preference for larger immediate gain but larger future losses) 24 ; elsewhere, impaired response inhibition was identified in women with obesity compared to controls, particularly on latter parts of the cognitive task that was used 25 .
Several studies have reported a relationship between impaired decision-making and obesity, particularly a tendency towards more immediate rewards at the expense of larger delayed rewards (referred to as 'temporal discounting') 26 . While individual obesity studies have explored different facets of impulsivity, such as those outlined above, few have explored all of these dissociable aspects of impulsivity in the context of a single study.
Given the considerable public importance of obesity in young people, and limited available data, we explored dissociable clinical and cognitive forms of impulsivity using wellvalidated instruments in a large sample of non-treatment seeking individuals. We hypothesized that obesity would be significantly associated with behavioral manifestations of impulsivity (elevated rates of substance use, rates of gambling, and formal impulse control disorders), neurocognitive forms of impulsivity (impaired response inhibition and preference for risky choices during decision-making), and questionnaire-based measures of impulsivity (Barratt scores).
Method

Study Participants
Participants comprised 511 adults aged 18-29 years, recruited consecutively via media advertisements (newspaper and internet advertisements as well as fliers) in the Minneapolis/St
Paul and Chicago areas, as part of a broader longitudinal study focusing on impulsivity in young adults. The only inclusion criterion was having gambled in any capacity at least five times in the past 12 months (i.e. a proxy for a minimal level of impulsive behavior).Exclusionary criteria were an inability to provide informed consent, and an inability to understand task procedures.
The study was approved by the university institutional review board, and study procedures were carried out in accordance with the Declaration of Helsinki. Due to telephone screening for the above inclusion/exclusion criteria, no one who came for the full in person evaluation and signed the consent was excluded.
Assessments
After providing written informed consent, participants undertook a detailed interview incorporating clinical and cognitive evaluation, in addition to measurement of height and weight.
Occurrence of psychiatric conditions was evaluated using the Mini International Neuropsychiatric Inventory (MINI) 27 , and the Minnesota Impulsive Disorders Interview (MIDI) 28 . The former examines for occurrence of core psychiatric conditions (e.g. depression), while the latter is tailored for detection of impulse control disorders. Quantitative details regarding substance use was collected along with information on gambling behaviors; for the latter, the average amount of dollars lost to gambling per week over the past year was recorded, as were total scores on the Structured Clinical Interview for Pathological Gambling (SCI-PG) 29 .
The Barratt Impulsivity Scale (BIS) was completed to measure personality-related aspects of impulsivity 20 .
Cognitive Longer SSRTs equated to greater motor impulsivity.
Cambridge Gamble Task (CGT). This test explored various aspects of impulsive decision-making. On each trial, ten boxes were shown on the computer screen, with a token having been hidden behind one of these by the computer. A proportion of these boxes are blue and the rest were red, with the proportions of red to blue boxes being varied pseudo-randomly across trials. Volunteers firstly chose the color they believed the token was hidden behind (red or blue). They then chose what proportion of their points they wished to gamble that they had chosen the correct color. Over the course of the task, the aim was to acquire as many points as possible. Key outcome measures were: the overall proportion of points gambled on the task; the overall proportion of rational decisions made (i.e. choice of the logically correct color); and risk adjustment (the extent to which subjects modulate the amount gambled depending on the probability of making correct choices).
Tests focusing on other domains besides impulsivity (control tests)
Intra-dimensional/Extra-dimensional Set-shift (IDED) Task. The IDED examined different aspects of rule learning and cognitive flexibility. Participants viewed two stimuli onscreen on each trial, each comprising two stimulus dimensions (white lines and pink blobs).
Through trial and error, participants attempted to learn an underlying rule about which picture was correct based on feedback provided by the computer after each choice (the word 'correct' or 'incorrect' presented on the monitor). After subjects had learnt a given rule, the computer changed it. The primary outcome measure on the test was the total number of errors made, adjusted for any stages of the task that were failed (total errors, adjusted). If this composite measure differs significantly between study groups of interest, the task can be decomposed into different stages to examine the nature of the cognitive learning / cognitive flexibility impairment. Secondary analysis was discriminant function analysis (step-wise) to identify the combination of variables capable of most accurately predicting obese group membership versus control group membership.
Results
An overview of the demographic, clinical, and cognitive findings is presented in Table 1 .
The mean (SD) age of the whole sample was 22.0 (3. 
Discussion
This study characterized different forms of impulsivity in obese and overweight young adults, as compared to controls. The proportions of overweight and obese people in our sample were 21.5% and 10.8% respectively, rates somewhat lower than observed in Nationwide epidemiological studies in the United States 5 . This may reflect the non-treatment seeking nature of the sample and that our recruits were selected from relatively large cities. The key finding of this study was that obesity was associated with significantly elevated rates of several forms of impulsivity: phenonemological (rates of maladaptive gambling behaviors, nicotine use), neurocognitive (impulsive action and reduced risk adjustment on a decision-making task), and questionnaire-based (motor impulsivity). It was also found that obese group membership (as compared to control group membership) was predicted by female gender, greater age, greater maladaptive gambling behaviors, and worse inhibitory control (impulsive action).
In terms of substance use, obese individuals consumed significantly more nicotine (approximately two-fold higher equivalent cigarette packs per day) than both overweight individuals and controls. Obesity and smoking represent two of the leading causes of preventable deaths in the developed world, and common neurobiological mechanisms have been implicated 30 . Over-indulgence in food and substance addiction are both believed to involve the mesolimbic reward dopamine system, although it is disputed whether this means that obesity should be conceptualized as a 'food addiction' per se 3 . Overweight individuals may use smoking as a means of trying to regulate their weight, since nicotine can dampen appetite; it is also established that acute increases in weight are frequently observed following smoking cessation 31 .
The relationship between smoking and obesity is likely to be complex: cross-sectional studies have found that smoking in middle-aged adults is associated with lower BMIs, while -in smokers -greater nicotine consumption correlates positively with BMI 32 . Our finding of elevated nicotine consumption in young obese adults may indicate that such individuals attempt to regulate their weight by smoking, but that consequent reductions in weight may arise only with longer-term nicotine consumption. Contrary to our expectations, alcohol consumption was no different between the groups. However, the corollary of this is that obesity was unlikely to have been mediated by excess alcohol-related (as opposed to food-related) calorific intake.
Furthermore, the lack of elevated use of alcohol in our obese sample would be consistent with the wider literature in that the relationship between obesity and substance misuse/dependence is far from clearly demonstrated 23 .
As hypothesized, obese individuals showed higher rates of maladaptive gambling behaviors (SCI-PG scores) than controls, and larger amounts of money lost to gambling on average per week. While there are limited data exploring rates of maladaptive gambling in obese people, it is well established that individuals with maladaptive gambling behaviors (problem and pathological gambling) show disproportionately elevated rates of obesity, in addition to nicotine use 17 . Prior work suggested that this association could reflect chronic sedentary lifestyles associated with gambling; however, the results here indicate that even young people with obesity show higher occurrence of maladaptive gambling and money lost to gambling.
While the overall rates of psychiatric disorders were numerically higher in obese individuals versus controls, these differences did not obtain statistical significance when corrected for multiple comparisons. Without statistical correction for multiple comparisons, the rate of impulse control disorders would have been significantly higher in obese subjects versus controls, suggesting that the relationship between obesity and these conditions exists, but may not be of particularly large effect size. To the knowledge of the authors, no prior studies have quantified impulse control disorders in non-treatment seeking young adults with obesity. In older obese treatment-seeking individuals, 19% showed one or more impulse control disorders;
however, this study lacked a control arm and utilized a different diagnostic instrument 33 .
Perhaps the most striking findings in relation to obesity and impulsivity in the current study were those relating to neurocognitive assessment and the questionnaire-based measures, findings redolent of a recent meta-analysis albeit conducted in childhood studies 9 . Groups differed significantly in terms of stop-signal response inhibition, and risk adjustment during the decision-making task. This was due to significantly elevated impulsivity (longer stop-signal reaction times, and less risk adjustment) in obese individuals in comparison to controls.
Overweight subjects did not differ significantly from controls on these two cognitive measures.
The impulsivity related cognitive deficits in obese participants did not appear to be attributable to more generalized cognitive problems, since this group was not impaired on the control measures.
Interestingly, groups also differed on motor impulsivity as measured by the Barratt impulsivity subscale, such that both obese individuals and overweight individuals showed elevated scores versus the controls.
Consistent with our results, previous research found that women with obesity showed impaired stop-signal inhibitory control on latter stages of the task compared to controls 25 ; and that obese adolescents showed impaired stop-signal response inhibition the extent of which was predictive of subsequent weight loss via treatment 34 . Furthermore, similar outcomes were found in a smaller study using a modified mental flexibility task that included a pronounced inhibitory control component 35 , and in a study using the Stroop test 36 . Our findings confirm an association between obesity and impaired inhibitory control in adults, a finding that is also consistent with meta-analysis of similar studies conducted in children, adolescents, and young adults 9 . Stopsignal inhibitory control is dependent on distributed circuitry including the subthalamic nucleus, inferior frontal cortices, and anterior cingulate cortices. Indeed, using a stop-signal task adapted for functional magnetic resonance imaging (fMRI), women with obesity showed hypoactivation of distributed neural regions involved in inhibitory control (left inferior parietal cortex, supplementary motor area, bilateral insula, and bilateral cuneus) during stop trials, as compared to healthy controls 37 .
To our knowledge, Cambridge Gamble Task (CGT) performance has not previously been examined in relation to obesity. At least five previous studies in adults have measured Iowa
Gambling Task (IGT) performance in relation to obesity 36 , and overall these were consistent with obesity being associated with decision-making impairments 38 . The CGT permits fractionation of different aspects of decision-making whereas the IGT is more contingent on trial-by-trial learning. The present findings indicate that decision-making impairments in obesity appear to be selective: obese people failed to modulate their behavior appropriately as a function of risk, but they did not gamble more points, or make irrational choices per se. Decision-making performance on the Cambridge Gamble Task is sensitive to ventromedial prefrontal and insular cortex damage 39 .
The present study, in itself, does not enable conclusions as to the temporal relationship between Stop-signal and CGT impairment and obesity. Animal research suggests that excessive calorific consumption can lead, over time, to structural and functional brain changes (e.g. gliosis, reductions in brain volume, proinflammatory mediators) and consequent cognitive impairment 40 .
Initial human neuroimaging studies have identified neural abnormalities such as reduced grey matter density in neural regions including the inferior frontal gyrus, post-central gyrus, and putamen, in obesity 41 . We would hypothesize that these cognitive deficits are unlikely to be due to brain changes due to excess calorific consumption, given that we studied young adults (and that similar deficits have been reported in children elsewhere 9 ) , and that the deficits were highly selective rather than global; rather, these deficits may represent predisposing or vulnerability factors, which may also contribute to the persistence of obesity over time. While caution is warranted when inferring the status of neural regions or circuits based on neurocognitive measures alone, the neuropsychological profile of obesity seen here bears remarkable parallels with problem/pathological gambling. When viewed alongside the finding of elevated gambling symptoms in the obese subjects, it is tempting to presuppose a neurobiological relationship between the two.
Some limitations should be considered with respect to the current study. We did not measure historical weight status (for example, for obese individuals, the length of time they had been obese for); however, had we attempted to do so, such measures may well have been inaccurate due to recall bias and subjectivity. Future work should ideally use a longitudinal design to refine our understanding of causal relationships between obesity and impulsivity. This being a naturalistic sample, groups did differ with respect to certain demographic and clinical characteristics -such as the obese group being older and less educated, with a greater proportion of females. As groups were not 'pre-matched' for these characteristics, these variables represent potential confounds, which should be evaluated further in future larger studies. That said, gender, age, SCI-PG scores, and SSRT, all independently predicted obesity: therefore even accounting for other variables, the relationship between obesity and two forms of impulsivity (gambling behavior and impulse dyscontrol) remained robust.
Conclusion
In summary, obesity in young adults was associated with higher rates of various manifestations of impulsivity as compared to controls: these took the form of behaviors (higher rates of gambling and nicotine consumption), objective cognitive measures (stop-signal and decision-making deficits), and a questionnaire-based subscore (Barratt motor impulsiveness).
However, the strongest relationships with obesity were for gambling symptoms and impulse dyscontrol, which were robust even accounting for potential confounding variables (e.g. age, education).
These findings have a number of clinical and scientific implications. Family doctors should be careful to screen for gambling problems in obese people, to identify unmet treatment needs. The data also raise questions regarding the relationship between smoking and obesitythey demonstrate that young adults with obesity smoke twice as much as normal weight individuals. Given that smoking cessation can lead to weight gain, treating nicotine dependence is unlikely to be successful without mentoring and concomitant weight loss programs. The study shows that cognitive problems relating to impulsivity occur early in the pathophysiology of obesity, raising the prospect that they may represent candidate vulnerability markers (rather than a consequence of obesity). The finding of cognitive deficits in obese subjects akin to those seen elsewhere in pathological gambling, alongside the elevated rates of gambling behavior in the obese subjects, is suggestive of an aetiological relationship between these two types of behavior.
Confirmation of the precise relationship between obesity, gambling, impulse dyscontrol, and impaired decision-making, requires further research to elucidate. Future work should explore these associations longitudinally and their functional impact, and evaluate the neurobiological substrates of the cognitive impairments, including relationships with genetic polymorphisms involved in cognition 42 .
